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The pharyngeal pouches, which form by budding of
the foregut endoderm, are essential for segmentation
of the vertebrate face. To date, the cellular mecha-
nism and segmental nature of such budding have re-
mained elusive. Here, we find that Wnt11r andWnt4a
from the head mesoderm and ectoderm, respec-
tively, play distinct roles in the segmental formation
of pouches in zebrafish. Time-lapse microscopy,
combined with mutant and tissue-specific trans-
genic experiments, reveal requirements of Wnt
signaling in two phases of endodermal epithelial
transitions. Initially, Wnt11r and Rac1 destabilize
the endodermal epithelium to promote the lateral
movement of pouch-forming cells. Next, Wnt4a and
Cdc42 signaling induce the rearrangement of
maturing pouch cells into bilayers through junctional
localization of the Alcama immunoglobulin-domain
protein, which functions to restabilize adherens junc-
tions. We propose that this dynamic control of
epithelial morphology by Wnt signaling may be
a common theme for the budding of organ anlagen
from the endoderm.
INTRODUCTION
As with the vertebral skeleton, the craniofacial skeleton forms
from a series of segments, the pharyngeal arches. During
embryogenesis, a series of outpocketings, termed pouches,
develop in an anterior-posterior wave from the pharyngeal endo-
derm (PE). These pouches then segment the cranial-neural-
crest-derived precursors of the facial skeleton into distinct
arches. The pouches also contribute to a number of important
organs in the face and neck, including the Eustachian tube,
thymus, and parathyroid (Peters et al., 1998), and have important
signaling functions in the later development of the skeleton,
muscle, nerves, and epithelia derived from the arches (Graham
et al., 2005). Surprisingly then, given the central role of pouches296 Developmental Cell 24, 296–309, February 11, 2013 ª2013 Elsevin organizing the head, little is known about the molecular and
cellular mechanisms underlying their segmental development.
The number of pharyngeal pouches is highly variable among
vertebrates—ranging from four in mice to as many as sixteen
in hagfish—and hence PE segmentation is likely an indetermi-
nate process (Graham, 2008). Zebrafish form six pouches, with
the first and second pouches forming simultaneously at 18 hr
postfertilization (hpf) and the third through sixth forming succes-
sively from 20 to 36 hpf (Crump et al., 2004). Previously, we
showed that pouches form by the lateral movement of PE cells,
with Fgf3 and Fgf8a, in part from the mesoderm, being required
for this migration (Crump et al., 2004). The segmentation of the
PE into pouches appears not to require neural crest, as pouches
form in avians and mice experimentally lacking neural crest and
in chordates in which neural crest has not evolved (Graham,
2001). One possibility is that PE segmentation involves a cell-
autonomous oscillatory mechanism akin to the ‘‘clock-wave-
front’’ model proposed for somitic mesoderm segmentation
(Deque´ant and Pourquie´, 2008). Alternatively, older studies
have suggested the presence of segmented ectoderm (ecto-
meres) and mesoderm (somitomeres) in the head, and hence
head endoderm segmentation could result secondarily from
ectodermal and/or mesodermal signals (Couly and Le Douarin,
1990; Jacobson, 1988; Meier, 1979). Here, we present evidence
that segmental Wnt signals from the mesoderm and ectoderm
cooperatively instruct head endoderm segmentation.
A feature of epithelial morphogenesis is that cells undergo
dynamic transitions in morphology and neighbor relationships
that promote tissue remodeling. Wnt signaling has been impli-
cated in multiple contexts in controlling cell shape and rear-
rangements that drive tissue morphogenesis, such as during
vertebrate axis elongation. This morphogenetic function of Wnt
signaling appears to be largely independent from nuclear-b-cat-
enin-mediated transcriptional regulation, instead involving
a number of cytoplasmic effectors including the small GTPases
Rho, Rac, and Cdc42 (Schlessinger et al., 2009). For example,
activation of Rac at the leading edge of cells is sufficient to
promote directional migration (Yoo et al., 2010), and Cdc42 is
required for the morphology and apicobasal polarity of epithelial
cells in the Drosophila embryo (Eaton et al., 1995; Hutterer et al.,
2004) and vertebrate pancreas (Kesavan et al., 2009). By
studying zebrafish mutants and embryos with PE-specificier Inc.
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control distinct steps of pouch epithelial morphogenesis:
a Wnt11r-Rac1 pathway that initially destabilizes the epithelium
to allow remodeling and a Wnt4a-Cdc42 pathway that restabil-
izes the epithelium to form mature pouch bilayers.
Epithelial cells maintain tight connections in part through
adherens junctions (AJs) composed of cadherin-class cell
adhesion molecules (CAMs) and associated proteins such as
a-catenin (Friedl and Gilmour, 2009). In order for epithelial re-
modeling to take place, these AJs presumably must be very
dynamic to allow the rearrangement of cells. Previous studies
suggest various potential mechanisms of AJ remodeling during
epithelial morphogenesis, such as endocytosis and degradation
of cadherins (Nishimura and Takeichi, 2009) and the sliding of
AJs along the lateral membranes of cells (Wang et al., 2012).
How AJs are dynamically controlled within developing verte-
brate epithelia remains less understood. Here, we provide
evidence for a remarkably specific requirement of activated
leukocyte cell adhesion molecule (ALCAM; also known as
CD166, Neurolin, or DM-GRASP) for the restabilization of AJs
during pouch bilayer formation. ALCAM is an immunoglobulin
(Ig)-CAM that has been reported to have diverse roles in
neuronal cell migration, neurite extension, cardiac morphogen-
esis, B-lymphoma development, and neural crest differentiation
(Abo et al., 1991; Choudhry et al., 2011; Gessert et al., 2008;
Lawrence et al., 2002; Lee et al., 1996; Tomita et al., 2000),
yet its role in epithelial transitions had not previously been
investigated. We find zebrafish alcama to be prominently ex-
pressed in developing pouches, with Alcama protein localizing
to cell-cell junctions in a Wnt4a/Cdc42-dependent manner.
Moreover, we find that depletion of Alcama from embryos
results in a failure of maturing pouches to stabilize AJs and
transition from a multilayered to a bilayered morphology.
Hence, our studies reveal a specific regulatory role of this
Ig-CAM in re-establishing highly organized epithelia after initial
remodeling.
RESULTS
Pouch Formation Involves Dynamic Epithelial
Transitions in Association with nkx2.5-Expressing
Mesoderm
In order to observe epithelial cell behaviors during in vivo pouch
formation, we constructed a zebrafish transgenic line (her5:
mCherryCAAX) in which a membrane-tethered mCherry fluores-
cent protein was expressed under the endodermal her5
promoter (Tallafuss and Bally-Cuif, 2003). As we had previously
shown that the adjacent mesoderm is a source of Fgfs for pouch
formation (Crump et al., 2004), we also used a nkx2.5:GFP trans-
genic line (Witzel et al., 2012) to simultaneously visualize meso-
derm dynamics. Time-lapse recordings of doubly transgenic
embryos from 18-34 hpf showed that the initiation of nkx2.5:GFP
expression in mesoderm coincided with the A-P formation of
pouches (Movie S1 available online). Higher magnification
recordings further revealed dynamic transitions in pouch epithe-
lial morphology (three-dimensional projection in Figures 1A–1E;
representative section in Figures 1F–1J; Movie S2). Prior to
pouch formation (e.g., pouch [p] 5 in Figures 1B and 1G), the
PE consists of a bilayer sheet across themidline. The first indica-Developmtion of pouch initiation is that a subset of cells within the PE
bilayer adopt a less elongated morphology and become multi-
layered, with faint nkx2.5:GFP expression becoming apparent
in adjacent mesoderm (e.g., p5 in Figures 1C and 1H). In this
transitional epithelium, multilayered cells now collectively trans-
locate to more dorsal-lateral positions while maintaining close
association and/or direct contacts with nkx2.5:GFP-expressing
mesoderm (e.g., p5 in Figures 1D and 1I and p4 in Figures 1A
and 1F). Finally, cell tracking shows that pouch cells rearrange
into mature bilayers along the dorsal-lateral axis (e.g., p5 in
Figures 1E and 1J and p4 in Figures 1C and 1H). Together, our
observations indicate two important epithelial transitions during
wild-type pouch formation: an initial transition from a bilayered to
a multilayered morphology that coincides with collective cell
migration, and a later transition that reestablishes the bilayer
as pouches mature.
As we observed intimate interactions of PE and mesoderm
throughout pouch morphogenesis, we also investigated the
requirement for nkx2.5:GFP+ mesoderm by transgenic ablation
in nkx2.5:Gal4VP16; UAS:CFP-NTR embryos. Nitroreductase
(NTR)mediates the conversion ofmetronidazole (Mtz) into a toxic
substance in a cell-autonomous manner (Curado et al., 2008).
Whereas untreated nkx2.5:Gal4VP16; UAS:CFP-NTR embryos
displayed specific CFP fluorescence in the head mesoderm
(Figure 1K), one-cell-stage injection of Mtz resulted in major
reductions of CFP-positive mesoderm by 35 hpf (Figure 1M).
Consistent with a role for nkx2.5-expressing mesoderm in pouch
formation, Mtz-mediated ablation of head mesoderm resulted in
malformations of the posterior pouches compared to un-injected
siblings (Figures 1L and 1N).
wnt11r, wnt4a, and fzd8a Are Expressed in
Pouch-Forming Regions
As Wnt signaling has well known roles in epithelial cell behavior,
we next investigated the expression of specific Wnt ligands and
receptors during pouch formation. In particular, wnt11r expres-
sion was first seen in a single spot near the developing third
pouch at 24 hpf, with expression spreading to additional foci
adjacent to more posterior pouches by 28 hpf (Figures 2A and
2B). wnt4a was also segmentally expressed adjacent to devel-
oping pouches (Figures 2C and 2D). However, colocalization
with nkx2.5 revealed that wnt11r was expressed in the meso-
derm yet wnt4a was expressed in the overlying ectoderm
(Figures 2G–2J). Somewhat unexpectedly, both wnt11r and
wnt4a expression were reduced upon Mtz-mediated ablation
of head mesoderm, suggesting a nonautonomous role of the
mesoderm in ectodermal wnt4a expression (Figures 2M–2P). In
a complementary manner, we found fzd8a, a member of the
Frizzled (Fzd) class of G protein-coupled receptors that trans-
duce Wnt signaling in a variety of contexts (Wodarz and Nusse,
1998), to be expressed in the her5:GFP-positive pouch-forming
endoderm (Figures 2E, 2F, and 2K), consistent with previous
reports of fzd8a expression in pouch endoderm at later stages
(55 hpf) (Sisson and Topczewski, 2009).
Distinct Requirements of Wnt11r and Wnt4a in
Pouch Formation
In order to determine requirements for Wnt11r and Wnt4a in
pouch formation, we next examined wnt11rfh224 (Banerjeeental Cell 24, 296–309, February 11, 2013 ª2013 Elsevier Inc. 297
Figure 1. nkx2.5-Expressing Mesoderm Guides Pouch Epithelial Transitions
(A–E) Three-dimensional projections captured from time-lapse recording of wild-type pouch development (see Movie S2) show intimate interactions
between her5:mCherryCAAX-positive endodermal epithelia (red) and nkx2.5:GFP-positive mesoderm (green). Anterior-posterior (A–P) and medial-lateral (M–L)
axes are shown.
(F–J) Representative sections from the same time-lapse recording (see Movie S2) show various stages of development of pouches 3-5. In the schematics (F’–J’),
the tracking of individually color-coded pouch cells highlights cell rearrangements. Cells that we could not track through the entire recording were left uncolored.
(K–N) CFP fluorescence (blue) and Alcama immunohistochemistry (green) show that injection of 5 nl of 5 mM Mtz into nkx2.5:Gal4VP16; UAS:CFP-NTR
embryos results in reductions of CFP-NTR-expressing mesoderm and disorganized pouch endoderm (M and N) compared to un-injected siblings (K and L).
Scale bars, 20 mM.
See also Movie S1.
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mutations after amino acids 31 and 341, respectively. Indeed,
both wnt11r and wnt4a single mutants had partially penetrant
defects in posterior pouch formation, with more severe defects
observed in double mutants (Figures 3B–3D; Table 1). Although
the wnt4afh295 mutation truncates only a small C-terminal frag-
ment of the protein, phenocopy with a wnt4a morpholino (MO)
confirmed it as a loss-of-function allele (Figures S1B and S1M;
Table 1). In order to confirm that pouch development was not
simply delayed in mutants, we also examined development of
the five ceratobranchial cartilages (CBs) at 5 days postfertiliza-
tion (dpf), whose segmentation and differentiation are pouch-
dependent (Piotrowski and Nu¨sslein-Volhard, 2000). Consistent
with the observed pouch defects, single and double mutants298 Developmental Cell 24, 296–309, February 11, 2013 ª2013 Elsevdisplayed fusions and reduced numbers of CBs (Figures 3N–
3P; Table 1) despite arch neural crest specification (sox10
expression at 14 hpf), arch formation (dlx2a at 16.5 hpf), and later
dorsoventral patterning (dlx2a and dlx3b at 32 hpf) being unaf-
fected in mutants (as well as Wnt misexpression embryos—
see below) (Figures S1N–S1P).
Whereas both wnt11r and wnt4a mutants displayed pouch
and CB defects, a closer examination revealed differences in
the nature of pouch defects. In wnt11r mutants, there were
a reduced number of pouches and the most posterior pouches
appeared to be delayed in their outgrowth (Figure 4J; Table 1).
In contrast, wnt4a mutants had normal numbers of pouches,
yet cells within these pouches were inappropriately multilayered
(Figure 4K; Table 1). In order to understand the cellular basis ofier Inc.
Figure 2. Expression of wnt11r, wnt4a, and fzd8a during Pouch Formation
(A–F) Colorimetric in situs show expression of wnt11r in discrete domains of mesoderm (arrowheads in A and B), wnt4a in ectodermal patches (arrowheads in C
and D), and fzd8a in pouch-forming endoderm (E and F).
(G–J) Double fluorescent in situs show colocalization ofwnt11r but notwnt4awith nkx2.5 in lateral views (G and I) and higher magnification orthogonal sections (H
and J, taken at level of white lines in G and I). Arrowheads indicate mesoderm and arrows ectoderm.
(K) Fluorescent in situ shows colocalization of fzd8a (green) with her5-positive pouch endoderm labeled by GFP immunohistochemistry (red).
(L) Schematic showing expression of wnt11r in mesoderm (blue), wnt4a in ectoderm (yellow), and fzd8a in endoderm (red) during pouch formation.
(M–P) Compared to un-injected siblings (M and O), injection of 5 nl of 5 mM Mtz into nkx2.5:Gal4VP16; UAS:CFP-NTR embryos results in reduced numbers of
mesodermal cells expressing nkx2.5 and wnt11r (arrowheads), as well as reduced ectodermal wnt4a expression. Scale bars, 20 mM.
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pouch development in these mutants. In particular, we focused
on development of the fifth pouch, as it was the pouch most
consistently affected in mutants. Strikingly, tracking of
her5:mCherryCAAX+ cells revealed opposite defects in pouch
cell behavior. Whereas the migration of wnt11r/ prepouchDevelopmcells was delayed compared to wild-type cells, wnt4a/
pouch-forming cellsmigrated faster yet failed to resolve into bila-
yers (n = 3 for each genotype) (Figures 3Y–3AB;Movie S3). These
findings are consistent with an early role of Wnt11r in initiating
pouch outgrowth and a later role of Wnt4a in terminating pouch
outgrowth as cells organize into bilayers.ental Cell 24, 296–309, February 11, 2013 ª2013 Elsevier Inc. 299
Figure 3. Roles of Wnt Signaling Compo-
nents in Pouch and CB Cartilage Develop-
ment
(A–L) Alcama immunohistochemistry (green)
shows defects in pouches in mutant, fzd8a-MO,
and transgenic embryos. Identifiable pouches are
numbered. UAS transgenic embryos (capitalized)
were doubly positive for nkx2.3:Gal4VP16. Scale
bar, 40 mM.
(M–X) Whole-mount views of dissected facial
cartilages. Arrows indicated fused or abnormal CB
cartilages. Arrowhead indicates abnormal hyoid
cartilage in fzd8a-MO embryos.
(Y–AA) Superimposition of initial (blue) and final
(red) still images from time-lapse recordings of
fifth pouch development in wild-type, wnt11r/,
and wnt4a/ embryos. Colored lines indicate cell
tracks (shown also below merged images), with
filled circles denoting final positions.
(AB) Average pouch cell speed in wild-types
and mutants. Data represent mean ± SEM and
p values are shown for each comparison.
See also Figures S1 and S2 and Movies S3,
S4, and S5.
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Morphogenesis
The distinct requirements of Wnt11r and Wnt4a in pouch cell
behaviors could reflect differences in their patterns of expres-
sion, or alternatively differential activation of downstream
signaling cascades. In order to distinguish between these
possibilities, we tested whether misexpression of these ligands
in the forming endoderm also resulted in distinct effects on
pouch cell behavior. To do so, we developed an nkx2.3:
Gal4VP16 line that drives UAS transgene expression specifi-
cally in the PE from 18 hpf onward (Figure S2A), consistent300 Developmental Cell 24, 296–309, February 11, 2013 ª2013 Elsevier Inc.with endogenous nkx2.3 expression
(Lee et al., 1996). Combining this nkx2.3:
Gal4VP16 line with UAS:Wnt11r and
UAS:Wnt4a transgenes thus allowed us
to widely misexpress these Wnts during
pouch formation. Consistent with local-
ized expression of these ligands being
important for pouch formation, misex-
pression of either Wnt11r or Wnt4a
disrupted pouch and CB cartilage devel-
opment (Figures 3E, 3F, 3Q, and 3R).
Interestingly, Wnt4a misexpression re-
sulted in the formation of bilayer-like
structures in inappropriate domains of
PE, yet Wnt11r misexpression caused a
fragmentation of the epithelium into
small rosettes that was indicative of a
loss of epithelial integrity (Figures 4N
and 4O). These results suggest that the
distinct requirements of Wnt11r and
Wnt4a in pouch cell behaviors are not
simply due to their specific expression
domains. Instead, these Wnts appear to
have distinct signaling functions, withWnt11r destabilizing the epithelium and Wnt4a promoting
bilayer formation.
ARequirement of Fzd8a forWnt11r andWnt4a Signaling
in Pouches
As we observed fzd8a, a putative Wnt receptor, to be expressed
in forming pouches, we next analyzed its requirement in pouch
development. Consistent with a role of Fzd8a in mediating
both Wnt11r and Wnt4a signaling, depletion of Fzd8a with either
a previously validated MO (Kim et al., 2002) or a second transla-
tion-blocking MO resulted in similar losses and fusions of
Table 1. Summary of Pouch, CB Cartilage, and Alcama Localization Defects
Genotype nPouches Pouches
Loss ofR 2
Pouches (%)
Loss of 1
Pouch (%)
Abnormal, No
Loss (%) Normal (%) p Value nCBs CBs nAlcama
Alcama
Localization
Wild-type 100 5.0 0 0% 0% 100% – 100 5.0 55 0.07
wnt11r 222 4.3 (4–5) 0 46 19 35 6.61E-40a 131 4.6 (4–5) 58 0.17
wnt4a 352 5.0 (5) 0 0 23 77 5.71E-08b 144 4.1 (3–5) 51 0.53
wnt11r; wnt4a 45 3.4 (2–4) 20 47 0 33 5.97E-12a 16 3.7 (2–4) 59 0.69
wnt4a-MO 98 4.6 (4–5) 0 20 26 54 2.12E-07a 74 3.8 (3–5) 61 0.52
wnt11r; wnt4a-MO 56 3.0 (2–4) 50 25 0 25 2.82E-13c 48 3.4 (1–5) 51 0.71
fzd8a-MO (200 mM) 260 3.9 (2–5) 18 26 24 32 1.42E-29a 253 3.8 (2–5) 58 0.69
fzd8a-MO (100 mM) 86 5.0 (5) 0 0 0 100 78 5.0 n/a n/a
fzd8a-MO-II 212 3.9 (2–5) 19 32 19 30 1.87E-32a 87 3.9 (2–5) 53 0.66
wnt11r; fzd8a-MO (200 mM) 62 3.9 (2–5) 19 35 23 23 0.4977d 68 3.9 (2–5) 64 0.73
wnt11r; fzd8a-MO (100 mM) 44 4.0 (2–5) 7 55 7 31 0.0238c 38 4.1 (3–5) 55 0.64
wnt4a; fzd8a-MO (200 mM) 61 4.0 (2–5) 18 35 21 26 0.3328d 65 3.8 (2–5) 64 0.78
wnt4a; fzd8a-MO (100 mM) 42 4.0 (3–5) 17 29 14 40 1.29E-07e 40 4.0 (2–5) 51 0.67
wnt11r; wnt4a; fzd8a-MO
(200 mM)
36 2.9 (2–4) 86 6 0 8 0.0185f 28 3.3 (2–5) 57 0.86
nkx2.3:Gal4VP16el93 78 5.0 0 0 0 100 75 5.0 52 0.09
UAS:Wnt11rel421 32 3.2 (2–4) 50 38 0 12 3.19E-13g 33 3.5 (3–4) 51 0.24
UAS:Wnt4ael48 114 3.4 (3–4) 42 39 0 19 1.05E-24g 70 3.7 (3–4) 66 0.06
UAS:DvlDDEPel190 122 2.8 (2–4) 74 15 0 11 9.72E-30g 68 3.4 (2–4) 62 0.84
UAS:DN-Rac1el262 152 3.4 (3–4) 41 27 0 32 4.34E-29g 77 3.8 (3–4) 68 0.63
UAS:DN-Cdc42el268 124 3.9 (3–5) 11 58 10 21 1.50E-18g 82 3.6 (2–4) 65 0.85
UAS:CA-Rac1el320 112 1.4 (0–3) 93 0 0 7 2.25E-30g 58 1.8 (1–3) 55 0.18
UAS:CA-Cdc42el322 138 3.1 (2–4) 44 27 0 29 7.43E-22g 64 3.2 (3–4) 50 0.02
UAS transgenes were doubly transgenic with nkx2.3:Gal4VP16. The number (n) of analyzed embryos of each genotype is indicated for pouches and CB cartilages, with n for Alcama localization
representing total number of cells analyzed. For pouches and CBs, the average number of identifiable separate elements is listed with the range of numbers in parentheses. For the scoring of Alcama
localization (expressed as an average), strong membrane signal with either no or weak cytoplasmic signal was counted as 0, whereas strong cytoplasmic signal was counted as 1.
p values for differences in pouch number were calculated for the following comparisons: (a) wild-type; (b) for the difference in pouch morphology versus wild-type; (c)wnt11r; (d) fzd8a-MO (200 mM);
(e) wnt4a; (f) wnt11r;wnt4a; (g) nkx2.3:Gal4VP16.
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Figure 4. Wnt Signaling and Cdc42 Regu-
late Junctional Localization of Alcama in
Developing Pouches
(A–D) Immunohistochemistry shows progressive
junctional localization of Alcama in the wild-type
fourth pouch. Below each image, the normalized
intensity of fluorescent signal is plotted along the
35 mM red lines. Asterisks indicate clear cell-cell
boundaries.
(E–H) Still images from a time-lapse confocal
recording of fourth pouch development in nkx2.3:
Alcama-GFP; her5:mCherryCAAX transgenic em-
bryos (seeMovie S6). As with endogenous Alcama
protein, plots of fluorescence intensity through
the red lines show progressive junctional locali-
zation of Alcama-GFP (green) within her5:mCherry
CAAX-positive pouch cells (red).
(I–X) Immunohistochemistry shows Alcama local-
ization at the level of the fourth pouch in wild-type,
mutant, and fzd8a-MO embryos, as well as UAS
transgenic embryos (capitalized) doubly positive
for nkx2.3:Gal4VP16. Alcama is partially mis-
localized from pouch cell membranes to the
cytoplasm in wnt4a,wnt11r;wnt4a, and fzd8a-
MO embryos but not in wnt11r embryos. In
contrast, misexpression of Wnt11r results in
disorganized endoderm (n = 28/32, data not
shown) and occasionally rosette-like structures
(n = 3/32), with rosette-like structures never
observed in fzd8a-MO-injected siblings (n = 0/23,
p = 0.003). Similarly, the inappropriate Alcama
junctional localization induced by Wnt4a mis-
expression (n = 26/114) was never seen in fzd8a-
MO-injected siblings (n = 0/74, p = 0.004) or
doubly transgenicWnt4a; DN-Cdc42 embryos (n =
0/31, p = 0.005). Rosette-like structures were
observed in both CA-Rac1 embryos (n = 104/112)
and their wnt11r mutant siblings (n = 11/17), and
hyperelongated pouches were observed in both
CA-Cdc42 embryos (n = 85/122) and their wnt4a-
MO-injected siblings (n = 72/101). Plots of fluo-
rescence intensity through the red lines are
shown, with asterisks indicating clear cell-cell
junctions.
(Y–AB) Immunohistochemistry and normalized line
plots show junctional localization of E-cadherin
throughout wild-type pouch development, with
pronounced apical enrichment (arrow in AA) as
pouches mature. Inhibition of Dvl in nkx2.3:
Gal4VP16; UAS:DvlDDEP embryos does not
significantly disrupt E-cadherin localization.
See also Figure S3.
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(Figures 3G, 3S, S1C, and S1I; Table 1). fzd8a-MO defects
were not further enhanced by loss of wnt11r or wnt4a, as ex-302 Developmental Cell 24, 296–309, February 11, 2013 ª2013 Elsevier Inc.pected if Fzd8a acts downstream of
these Wnts, although we did detect a
modest enhancement in the wnt4a;
wnt11r; fzd8a-MO triple combination
(Figures S1D and S1J; Table 1). Also
implicating Wnt4a, Wnt11r, and Fzd8a in
a common genetic pathway, a sub-
threshold dose of fzd8a-MO enhancedwnt4a and wnt11r single mutant defects (Table 1). Moreover,
depletion of Fzd8a suppressed the distinct changes in epithelial
morphology seen upon Wnt11r and Wnt4a misexpression
Developmental Cell
Wnts Guide Pouch Epithelial Transitions(Figures 4P and 4Q). Together, our loss-of-function and epistasis
data support a role for Fzd8a in mediating both Wnt11r and
Wnt4a activity in developing pouches.
Dvl and Rac Signaling Promote Pouch Initiation
Wnt11r and Wnt4a have been implicated in nuclear-b-catenin-
independent signaling in other contexts (Matsui et al., 2005).
To determine whether pouch formation also relies on nuclear-
b-catenin-independent signaling, we used our nkx2.3:Gal4VP16
driver to express either a dominant-negative (DN) form of Tcf7l2
(DN-Tcf7l2) that inhibits b-catenin-dependent transcription
(Molenaar et al., 1996; van de Wetering et al., 2002) or a DN
form of Dvl that lacks the DEP domain (DvlDDEP) and inhibits
cytoplasmic Dvl signaling but not b-catenin-dependent tran-
scription (Axelrod et al., 1998). Consistent with pouch formation
being nuclear-b-catenin-independent, PE-specific misexpres-
sion of DvlDDEP resulted in severe pouch and CB defects
(Figures 3H and 3T; Table 1), yet PE-specific expression of
DN-Tcf7l2 caused no such defects (Figures S1A and S1G),
despite it causing defects when expressed in the mesoderm
(data not shown). In addition, time-lapse recordings of nkx2.3:
Gal4VP16; UAS:DvlDDEP; her5:mCherryCAAX embryos from
24 to 32 hpf (n = 3) revealed that the loss of pouches was due
to a failure of PE cells to become multilayered and collectively
migrate dorsal-laterally (Movie S4). Further consistent with a
role of Dvl in pouch formation, we also observed transient local-
ization of GFP-Dvl to apical membranes of pouch-forming cells
in time-lapse recordings of nkx2.3:GFP-Dvl; her5:mCherryCAAX
embryos (n = 3) (Figure S2B; Movie S5). Such apical localization
of Dvl has been shown to correlate with its activation in other
epithelial cell types (Park et al., 2008).
As small GTPases are common effectors of Wnt and Dvl
signaling during cell migration and epithelial morphogenesis
(Schlessinger et al., 2009), we next investigated the role of the
small GTPase Rac in pouch formation. To do so, we used the
nkx2.3:Gal4VP16 driver to express T17N DN (Feig, 1999) and
G12V constitutively active (CA) (Abo et al., 1991) versions of
Rac1 in the prepouch endoderm. Consistent with a requirement
of Rac in pouch formation, misexpression of DN-Rac1 resulted in
reductions and fusions of pouches and CBs (Figures 3I and 3U;
Table 1). In confirmation of our DN results, pharmacologic inhibi-
tion of Rac with NSC23766 from 18 to 26 hpf resulted in similar
but more severe pouch and CB defects (Figures S1F and S1L).
Although PE-specific misexpression of CA-Rac1 also caused
severe defects in pouch and CB development (Figures 3J and
3V; Table 1), a closer analysis revealed dramatically different
effects of DN-Rac1 and CA-Rac1 on pouch morphology.
Whereas Rac inhibition resulted in a variable loss of pouch
extension (Figure S3C), constitutive Rac activation caused the
PE to fragment into small rosette-like structures (Figure 4S).
These differences were particular apparent in time-lapse record-
ings. Whereas DN-Rac1 PE cells had a delay in collective migra-
tion (n = 5, Movie S4), nearly all epithelial cells in the CA-Rac1
prepouch endoderm were multilayered and highly motile, and
eventually fragmented into rosette-like structures (n = 3, Movie
S4). Intriguingly, both Wnt11r and CA-Rac1 misexpression
induced similar rosette-like morphologies, suggesting that
Rac1 might act downstream of Wnt11r-Fzd8a signaling for the
initial destabilization of the prepouch endoderm. Consistently,DevelopmCA-Rac1 was able to generate rosette-like PE structures in the
absence of Wnt11r (Figure 4T) or Fzd8a (Figure S3A).
Cdc42 Controls Pouch Epithelial Morphology through
Junctional localization of Alcama
In the course of our analysis using the anti-Alcama antibody to
label pouches, we noticed that reduced Wnt4a, Fzd8a, or Dvl
function had dramatic effects on membrane localization of the
Alcama Ig-CAM protein. During wild-type pouch development,
alcama expression begins as PE cells remodel, at which time
Alcama protein is weakly and diffusely localized within cells
(Figure 4A). As pouch development proceeds, Alcama becomes
progressively enriched at sites of cell-cell contact along apical
and lateral plasma membranes (Figures 4B–4D). Time-lapse
recordings of pouch development in nkx2.3:Alcama-GFP;
her5:mCherryCAAX transgenic embryos, in which a functional
Alcama-GFP fusion protein (see below) was expressed specifi-
cally in PE cells, confirmed the progressive localization of
Alcama to cell-cell contacts during pouch development (n = 3)
(Figures 4E–4H; Movie S6). The progressive membrane localiza-
tion of Alcama-GFP indicates that membrane accumulation is
not simply due to increased expression of the alcama gene, as
the fusion protein was expressed from a heterologous promoter.
Consistent with a role of Wnt4a, Fzd8a and Dvl in asymmetric
Alcama localization, Alcama was mislocalized from the plasma
membrane to the cytoplasm (presumably in vesicular compart-
ments) in wnt4a, wnt4a-MO, fzd8a-MO, and nkx2.3:Gal4VP16;
UAS:DvlDDEP embryos (Figures 4K, 4M, 4R, and S1B). In
contrast, Alcama localization was unaffected in wnt11r mutants
and not obviously more defective in compound wnt11r; wnt4a
versus wnt4a single mutants, suggesting a distinct role of
Wnt4a in Alcama trafficking that correlates with its requirement
in bilayer formation (Figures 4J–4L; Table 1).
As the small GTPase Cdc42 has been implicated in epithelial
cell morphology/polarity in other contexts (Eaton et al., 1995),
we next investigated whether it might function downstream of
Wnt4a in mediating polarized Alcama localization. Strikingly,
PE-specific misexpression of a T17N DN form of Cdc42 disrup-
tedmembrane localization of Alcama, whereasmisexpression of
a G12V CA form resulted in increased enrichment of Alcama at
membranes and a dramatically elongated PE cell shape (Figures
4U, 4V, and S3F). These changes in Alcama localization and
pouch cell morphology in Cdc42 loss- and gain-of-function
embryos correlated with losses and fusions of pouches and
CBs (Figures 3K, 3L, 3W, and 3X). Although Alcama was also
mislocalized in DN-Rac1 embryos, it localized normally in
embryos treated with the Rac inhibitor NSC23766 (Figures
S3C–S3E). As DN versions of GTPases often have promiscuous
effects on other members (Feig, 1999), it is possible that DN-
Rac1 effects on Alcama localization are due to partial inhibition
of Cdc42. However, unlike constitutive activation of Rac1,
time-lapse recordings revealed that activation of Cdc42 did not
result in whole-scale stimulation of PE motility (n = 7) (Movie S4).
While small GTPases are known targets of many pathways,
epistasis experiments support Cdc42 being downstream of
Wnt4a-Fzd8a signaling in maturing pouches. Wnt4a misexpres-
sion resulted in increased Alcama localization in inappropriate
regions of the prepouch endoderm, and this inappropriate
Alcama localization was completely suppressed by DN-Cdc42ental Cell 24, 296–309, February 11, 2013 ª2013 Elsevier Inc. 303
Figure 5. Alcama Is Required for Pouch Bilayer Formation and AJ Stabilization
(A–D) her5:mCherryCAAX fluorescence (red) and Alcama immunohistochemistry (green) show loss of Alcama protein and an aberrant multilayered pouch
morphology in alcama-MO embryos (C and D) compared to un-injected controls (A and B). Scale bar, 20 mM.
(E and F) her5:mCherryCAAX labeling shows that the elongated morphology of pouch cells (arrows) resulting from CA-Cdc42 misexpression (n = 49/72) is
suppressed by Alcama depletion (n = 0/67). Insets show schematics of pouch cell morphology.
(G andH) Immunohistochemistry shows that E-cadherin still localizes to cell-cell junctions in the absence of Alcama protein yet the apical enrichment seen inwild-
type mature pouches (arrow) is missing.
(I–L) Imaging of a-catenin localization during three phases of wild-type pouch formation (I–K) and during a comparable phase of alcama-MOdevelopment (L) when
wild-type pouches would have matured into bilayers. Crosshairs show target regions before FCS laser illumination (I–L) and 25 s after (I’–L’). Scale bar, 5 mM.
(legend continued on next page)
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rescued the Alcama localization defects and induced a hypere-
longated cell morphology in embryos depleted for Wnt4a or
Fzd8a (Figures 4X and S3B). Interestingly, we find this role of
Wnt4a-Fzd8a-Dvl-Cdc42 signaling in polarized membrane traf-
ficking to be relatively specific for Alcama. In contrast to Alcama,
E-cadherin localizes to cell-cell contacts of PE cells throughout
morphogenesis, with E-cadherin becoming increasingly en-
riched at apico-lateral membranes as pouches mature into bila-
yers (Figures 4Y–AA and 5G). However, PE-specific inhibition of
Dvl did not disrupt E-cadherin membrane localization per se,
although it did reduce the later junctional enrichment of E-cad-
herin seen in wild-type mature pouches (Figure 4AB). Together,
our combined data indicate a preferential role for Wnt4a-
Fzd8a-Dvl-Cdc42 signaling in Alcama trafficking and pouch
cell morphology.
Alcama Promotes Pouch Bilayers by Stabilizing
a-Catenin-Containing AJs
Aswe foundAlcama to be a target ofWnt4a andCdc42 signaling,
we next investigated the function of Alcama in pouch morpho-
genesis. To do so, we injected her5:mCherryCAAX embryos
with a translation-blocking alcama-MO (Diekmann andStuermer,
2009), which we confirmed effectively depletes Alcama protein
levels (Figure 5D). Consistent with a selective role of Alcama in
the maturation of pouches into bilayers, alcama-MO embryos
had a normal complement of pouches that displayed an aberrant
multilayered morphology (Figure 5C). These defects were due to
a loss of Alcama in pouches as PE-specific restoration of Alcama
in nkx2.3:Alcama-GFP transgenic embryos partially restored bi-
layered morphology (Figures S4A and S4B). As this multilayered
pouch phenotype was similar to what we observed upon Cdc42
inhibition, we next askedwhether Alcamawas the primary down-
stream target of Cdc42 for pouch morphology. Indeed, Alcama
depletion completely suppressed the elongated pouch cell
morphology resulting from CA-Cdc42 misexpression (Figures
5E, 5F, and S3F). We therefore conclude that Alcama is a major
target of Cdc42 in mediating cell morphology changes that
promote mature pouch bilayers.
As AJ dynamics are associated with epithelial remodeling, we
next asked whether Alcama might promote pouch cell rear-
rangements by modulating AJs. As with Dvl inhibition, Alcama
depletion did not affect the junctional localization of E-cadherin
per se but did prevent its later apical enrichment during pouch
maturation (Figures 5G and 5H). In order to better understand
AJ dynamics, we utilized a Gt(ctnna-citrine)ct3a transgenic line
in which the citrine fluorescent protein has been inserted in-
frame to create a functional a-catenin fusion protein. a-Catenin
is prominently associated with AJs in epithelia, and we observed
dynamic changes in a-catenin-citrine localization in developing
pouches. Still images (Figures 5I–5K) and time-lapse recordings
(Figures S4C–S4E and Movie S7, n = 3) revealed that a-catenin-(M and N) Alcama immunohistochemistry in wild-type Gt(ctnna-citrine)ct3a embr
junctions corresponds to a transition from disorganized to strongly apical localiz
(O) FCS measurements of endogenous a-catenin mobility in wild-type embryos s
and a subsequent decrease inmature bilayers. In alcama-MOembryos, a-catenin
at a stage comparable to the mature wild-type pouch. n = 16 for each. Data rep
See also Figure S4 and Movie S7.
Developmcitrine was enriched at apical membranes in the prepouch endo-
derm, became less organized in the transitional, multilayered
epithelium, and then was strongly enriched again at apical
membranes of mature pouch bilayers. Strikingly, the expression
and polarized membrane trafficking of Alcama correlated with
the apical enrichment of a-catenin-citrine in maturing pouches,
and Alcama depletion disrupted this apical enrichment (Figures
5L–N and S4F). In order to quantitate a-catenin/AJ dynamics,
we next performed fluorescence correlation spectroscopy
(FCS). In FCS, the detection of fluorescence fluctuations within
a small confocal volume (0.5 fl) provides quantitative informa-
tion on diffusion coefficients of fluorescent molecules (Ries
et al., 2009). In wild-type embryos, FCS measurements revealed
a significant increase in a-catenin mobility from prepouch to
transitional epithelia that then decreased again in mature
epithelia, consistent with dynamic AJ remodeling underlying
pouch formation (Figure 5O). In contrast, FCS measurements
in alcama-MO embryos revealed a normal initial increase in
a-catenin mobility but no subsequent decrease, suggesting a
specific regulatory function of Alcama in stabilizing AJs as pouch
epithelia mature.
DISCUSSION
Our study reveals distinct requirements of Wnt11r in the initiation
of pouches at discrete positions and Wnt4a in the subsequent
rearrangement of pouch precursors into epithelial bilayers (Fig-
ure 6B). We also provide evidence that Wnt11r and Wnt4a
coordinate these two phases of epithelial transitions through
distinct small GTPases. Whereas Rac promotes the initial desta-
bilization of the PE into a multilayered transitional epithelium,
Cdc42 helps stabilize AJs in maturing pouch bilayers through
polarized trafficking of the Ig-CAM Alcama.
Roles for Mesoderm and Ectoderm in Segmentation
of the Head Endoderm
All vertebrate embryos have a segmented structure in the head—
the pharyngeal arches—whose development depends on the
earlier segmentation of the PE into pouches (Graham et al.,
2005). Rather than segmentation being an autonomous property
of the endoderm, our studies reveal critical roles of the head
mesoderm and ectoderm in pouch segmentation. We had previ-
ously shown that themesodermwas an important source of Fgfs
for pouch formation (Crump et al., 2004), and here, we show that
specific ablation of the nkx2.5-positive mesoderm disrupts
pouch formation. The segmental expression of wnt11r in head
mesoderm is also consistent with observations of morphological
mesoderm segments – somitomeres – in the head (Meier, 1979)
and indicates that the early head mesoderm is segmented at
the molecular level. Pouch formation also requires segmental
expression of wnt4a in the head ectoderm, which suggests
combined roles of mesoderm and ectoderm in head endodermyos shows that the appearance of Alcama (red) at apical and lateral cell-cell
ation of a-catenin (green). Scale bar, 20 mM.
how a significant increase in mobility from prepouch to transitional endoderm
mobility increases from prepouch to transitional endoderm but fails to decrease
resent mean ± SEM, and p values are shown for each comparison.
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Figure 6. Model of Pouch Formation
(A) Wnt4a andWnt11r may play analogous roles toWnt2bb during the budding
of the endodermal pouches and liver, respectively. The embryonic endoderm
is shown in red and mesodermal Wnt11r and Wnt2bb in green and yellow,
respectively.
(B) Distinct genetic pathways downstream of mesodermal Wnt11r and ecto-
dermalWnt4amediate the initial destabilization and subsequent remodeling of
the Fzd8a-expressing endodermal epithelium. We hypothesize that distinct
types of coreceptors or cofactors (X and Y) could mediate different outputs of
Wnt11r-Fzd8a and Wnt4a-Fzd8a activation.
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segmentation upstream of pouch segmentation, how the head
mesoderm itself is segmented remains a mystery.
Mesodermal signals may also be more generally required for
the budding of organ anlagen from the endoderm. In zebrafish,
wnt2bb is expressed in the mesoderm directly adjacent to the
liver-forming endoderm, and in prometheus/wnt2bb mutants
the initial outgrowth of the liver bud is delayed (Ober et al.,
2006). Interestingly, the sea anemone Nematostella vectensis,
a basal metazoan animal, has 12 Wnt genes that are expressed
in overlapping domains along the primary axis of the planula
larva (Kusserow et al., 2005). Although it is less clear whether
Wnt expression constitutes a similar code along the vertebrate
anterior-posterior axis, an intriguing possibility is that different
Wnts from the mesoderm—analogous to the roles of Wnt11r in
pouch and Wnt2bb in liver formation—might induce budding of
the initial anlagen of many or all endodermal organs (Figure 6A).
Distinct Roles of Wnt11r and Wnt4a in Two Phases of
Pouch Epithelial Transitions
The development of endodermal organs, such as the pouch-
derived glands, liver, lung, and pancreas, follows a common
basic pattern (Hogan and Kolodziej, 2002; O’Rahilly, 1978). Inter-
actions with the adjacent mesenchyme induce the formation of
a bud from the endodermal epithelium, which then undergoes
progressive branching to form the parenchyma. Here, we find
that Wnt signals, in part from the mesoderm-derived mesen-306 Developmental Cell 24, 296–309, February 11, 2013 ª2013 Elsevchyme, are critical for both the initial remodeling and subsequent
rearrangements of epithelial cells into pouch bilayers. Previous
MO-based studies had implicated Wnt4a and Wnt11r, as well
as Wnt11, in the earlier migration of PE precursors to the midline
(Matsui et al., 2005). However, our findings that misexpression of
Wnts and conditional inhibition of Dvl signaling in the later
nkx2.3-expressing endoderm disrupt pouch development indi-
cate thatWnt signaling has roles in pouch formation independent
from earlier PE midline migration. Intriguingly, both loss- and
gain-of-function experiments indicate that Wnt11r and Wnt4a
have discrete roles in the initial destabilization and subsequent
restabilization of the developing pouch epithelium, respectively.
Pouch initiation is delayed in wnt11r mutants, and ectopic
Wnt11r reciprocally causes fragmentation of the PE epithelium
into rosette-like structures. This suggests a role of Wnt11r in
the initial destabilization events that promote the lateral migra-
tion of prepouch cells. In contrast, pouch-forming cells displayed
increased motility inwnt4amutants yet failed to resolve into bila-
yers. Alcama was also mislocalized in wnt4a but not wnt11r
mutants, with Wnt4a misexpression resulting in enriched junc-
tional Alcama in inappropriate regions. Hence, Wnt4a has a
preferential role in the later Alcama-dependent transition of
pouch cells into mature bilayers. Such distinct roles of meso-
dermal Wnt11r and ectodermal Wnt4a would make sense
topographically. Endodermal cells are in contact with the
nkx2.5/wnt11r-expressing mesoderm at the time of pouch
initiation but only contact the wnt4a-expressing ectoderm after
lateral migration. Although Wnt ligands are known to elicit
different types of signaling cascades in recipient cells, how
Wnt11r and Wnt4a might mediate distinct pouch cell behaviors
remains unclear. Depletion of Fzd8a results in pouch initiation
defects similar to wnt11r mutants and Alcama localization
defects similar to wnt4a mutants, as well as suppressing the
effects of both Wnt4a and Wnt11r misexpression on epithelial
morphology. In the future, investigations aimed at identifying
additional coreceptors and/or cofactors should help clarify
how Wnt11r and Wnt4a act at least in part through a common
Fzd8a receptor to control two distinct phases of pouch epithelial
transitions.
Rac and Cdc42 Function Oppositely in Pouch Epithelial
Transitions
One way in which Wnt11r and Wnt4a appear to differentially
control pouch epithelial transitions is by activating distinct small
GTPases. In particular, our PE-specific transgenic analysis re-
vealed opposite roles for Rac and Cdc42 in the initial destabiliza-
tion and subsequent remodeling, respectively, of endodermal
epithelia into pouch bilayers. Defects in the initial transition of
PE cells to a multilayered migratory population upon inhibition
of Dvl or Rac function, combined with the increased migratory
behavior seen upon constitutive activation of Rac, suggest roles
of Dvl and Rac in destabilizing prepouch endoderm to allow
remodeling and lateral migration. Conversely, the increased
membrane accumulation of Alcama and hyperelongated cell
shape seen upon constitutive activation of Cdc42 is consistent
with Cdc42 having a preferential role in the Alcama-dependent
rearrangements of maturing pouches into bilayers. This function
of Cdc42 in pouch cell morphology and rearrangements is
also in line with its ability to control cell shape and polarityier Inc.
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bulogenesis (Kesavan et al., 2009), and Drosophila embryogen-
esis (Genova et al., 2000), as well as in yeast (Kelly and Nurse,
2011). Whereas small GTPases are known to act downstream
of a number of pathways, several lines of evidence suggest
that they act downstream of Wnt signaling during pouch forma-
tion. First, loss of Wnt4a, depletion of Fzd8a, and Cdc42
inhibition result in similar mislocalization of Alcama. Second,
CA-Cdc42misexpression restores Alcama localization and elon-
gated pouch cell morphology to embryos lacking Wnt4a or
Fzd8a. Third, Cdc42 inhibition suppresses the ability of Wnt4a
to induce junctional Alcama enrichment in inappropriate
domains of PE. Fourth, Wnt11r and CA-Rac1 misexpression
result in similar fragmentation of PE into rosette-like structures.
Fifth, CA-Rac1 appears to rescue the migratory behavior of
pouch cells in embryos lacking Wnt11r or Fzd8a. Whereas epis-
tasis data support Rac and Cdc42 acting downstream of Wnt11r
andWnt4a, respectively, we cannot rule out that other pathways,
such as Fgf signaling (Crump et al., 2004), also impinge on Dvl,
Rac, and Cdc42 activity during pouch formation.
Regulatory Role of Alcama in Epithelial Rearrangements
and AJ Stability
Dynamic regulation of adhesive contacts between cells is essen-
tial for epithelial remodeling during development (Villasenor
et al., 2010). Cadherins have well-established roles in regulating
adhesion and cell sorting (Harris and Tepass, 2008), yet less is
known about the role of Ig superfamily members, such as Al-
cama, in tissue morphogenesis. Strikingly, we find that Alcama
has a specific requirement downstream of Wnt4a and Cdc42
for the transition of a multilayered nascent pouch into a bilayered
mature pouch. During pouch initiation, we find a-catenin-con-
taining AJs to transiently become more dynamic, suggesting
that AJ destabilization helps promote the remodeling and lateral
collective migration of pouch-forming cells. As pouches mature,
alcama becomes expressed through an unknown mechanism,
with Cdc42 signaling then targeting Alcama protein to cell-cell
contacts. How Cdc42 controls junctional Alcama remains
unclear, but Cdc42 has been implicated in the polarized
trafficking of other junctional proteins through effects on endocy-
tosis and endosomal recycling (Harris and Tepass, 2008). Signif-
icantly, we find that polarized Alcama localization correlates
precisely with and is required for the stabilization of a-catenin-
containing AJs in maturing pouches. Interestingly, previous
reports suggest that junctional localization of Alcama itself
may depend on a-catenin, suggesting positive reinforcements
between Alcama and AJs (Tomita et al., 2000). An important
question then is how Alcama stabilizes AJs. Alcama could asso-
ciate with components of AJs either directly or through adaptor
proteins, yet previous studies have failed to identify binding
partners of the short Alcama intracellular domain (Swart et al.,
2005). Alternatively, Alcama-mediated homophilic adhesion
could indirectly stabilize AJs through physical forces, such as
bringing adjacent cell membranes closer together or inhibiting
lateral diffusion of AJ complexes. In the future, it will be inter-
esting to examine whether Alcama has similar regulatory adhe-
sion roles in other tissues in which it is expressed, as well as
whether Ig-CAMs have more general roles in the restabilization
of AJs during epithelial maturation.DevelopmEXPERIMENTAL PROCEDURES
Zebrafish Lines
All animals were handled in strict accordance with good animal practice as
defined by the relevant national and/or local animal welfare bodies, and all
animal work was approved by the University of Southern California Institutional
Animal Care and Use Committee. wnt4afh295 was identified by TILLING and
wnt11rfh224 has been described (Banerjee et al., 2011). The wnt4afh295 muta-
tion changes nucleotide CAG to TAG and creates a premature stop codon
that deletes the C terminus of the Wnt4a protein, including two highly
conserved cysteines critical for the folding of Wnt proteins (Miller, 2002).
For genotyping, primers GT150 (50-GTCAAGACCTGCTGGAAAGC-30) and
GT151 (50-CTTGCGACACTGTTTGCATT-30) were designed to turn wnt4afh295
into a codominant polymorphism, with a wild-type product of 384 bp and
mutant products of 270 and 114 bp after DdeI digestion. Transgenic
constructs were generated using the Gateway (Invitrogen) Tol2kit (Kwan
et al., 2007); see Supplemental Experimental Procedures for details. Plasmid
DNA was injected with Tol2 transposase RNA (35 ng/ml) into one-cell stage
embryos, and stable transgenic lines were isolated for each construct based
on transgenic markers—cmlc2:GFP for Gal4VP16 lines and a-crystallin::Ceru-
lean for UAS lines. 5.9 kb and 5.5 kb of nkx2.5 and nkx2.3 upstream regulatory
sequence were used to generate nkx2.5:Gal4VP16 and nkx2.3:Gal4VP16
constructs. For each UAS construct, two to seven independent transgenic
lines were crossed to Tg(nkx2.3:Gal4VP16)el93 and analyzed for phenotypic
consistency.
Morpholinos
fzd8a-MO (Kim et al., 2002), alcama-MO (Diekmann and Stuermer, 2009),
a second independent translation-blocking fzd8a-MO-II (50-ATCCCCAA
CAGGTAGCACTCCATCC-30 ), and an exon2-intron2 splice-blocking wnt4a-
MO (50-CTGTTTCTAATTCTACTAACCTTGT-30) were obtained fromGenetools
(Eugene, OR, USA). One- to two-cell stage embryos were injected with 5 nl of
each MO, and un-injected embryos served as controls.
Immunohistochemistry, In Situ Hybridization, and Skeletal Staining
Immunohistochemistry was carried out as previously described with anti-
Alcama (ZN8) (Zebrafish International Resource Center, 1:400) and anti-E-
cadherin (BD Biosciences, 1:250) (Crump et al., 2004). Whole-mount and
fluorescent in situ hybridizations, Alcian blue staining, and GFP immunohisto-
chemistry were performed as described (Zuniga et al., 2011). See Supple-
mental Experimental Procedures for probe details.
Imaging
Skeletons and in situ hybridization embryos were imaged on a Zeiss Axioima-
ger.Z1 microscope using Axiovision software. Fluorescence images of anti-
body-stained or in situ hybridization samples were photographed on a Zeiss
LSM5 confocal microscope. For time-lapse imaging, embryos were mounted
as previously described (Crump et al., 2004) and confocal images were taken
every 10 min using a Zeiss LSM510Meta confocal microscope. Approximately
100 mm Z-stacks at 3.5-mm intervals were captured with a Zeiss 20X LD-Plan
Neofluar objective lens, or 80 mmZ-stacks at 1.5-mm intervals with a Zeiss 40X
LD-Plan Neofluar objective lens. Cell tracking and speed measurements were
performed using Fiji. Cell centroids were tracked for those cells that could be
definitively followed through the entire movie. The profile tool within the ZEN
software was used to quantitate Alcama and E-cadherin fluorescence inten-
sity. For normalization, the brightness of nonfluorescent regions was adjusted
to zero and then the maximum fluorescence intensity was adjusted to 100 by
adjusting the contrast. Care was taken to process all images in an identical
manner.
Fluorescence Correlation Spectroscopy
FCS experiments were done using a 403 1.2NA C-Apochromat water
immersion objective specifically calibrated for a LSM710 microscope and
CONFOCOR3 software (Zeiss). A single point in the apical membrane was
chosen and the fluorescence fluctuation within the designated confocal
volume recorded for 5 s. The recording was repeated five times. For autocor-
relation fitting, the first scan was always discarded as the raw count data
slopes downward because of bleaching of nonmobile protein. The remainingental Cell 24, 296–309, February 11, 2013 ª2013 Elsevier Inc. 307
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sudden discontinuity, and then averaged to generate the final data plot for
that point. Remaining fluorescence fluctuation data were then fitted to a math-
ematical model, generating the autocorrelation curve from which the diffusion
coefficient in mm2/second was derived (Haustein and Schwille, 2007). Data
analysis was performed using the FCS module in the ZEN software (Zeiss).
A one-component 3D diffusion model was used with the blinking time fixed
to 625 ms and the structural parameter fixed to 5. The data fits were done start-
ing at 200 ms. The diffusion time (t) was calculated from the autocorrelation
curve and used to determine the diffusion coefficient (D) using the equation
t = wr2/(4D). The beam radius (wr) was 0.22.
Statistics
We employed the Fisher’s exact test for rescue of alcama-MO defects and
quantifyingwnt4a defects, and a one-tailed Student’s t test with unequal vari-
ance for quantifying cell shape changes, diffusion coefficients of a-catenin,
pouch cell speed, and pouch defects in mutant, MO, and transgenic embryos.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, seven movies, and Supple-
mental Experimental Procedures and can be found with this article online at
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